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Mathématiques, Ecole Supérieure d’Ingénieurs en Electronique et Electrotechnique, Cité Descartes, F-93162 Noisy-Le-Grand, France
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Thioredoxins belong to a large family of enzymatic proteins that
function as general protein disulfide reductases, therefore participat-
ing in several cellular processes via redox-mediated reactions. So far,
none of the 18 members of this family has been involved in human
pathology. Here we identified TXNDC3, which encodes a thioredoxin–
nucleoside diphosphate kinase, as a gene implicated in primary ciliary
dyskinesia (PCD), a genetic condition characterized by chronic respi-
ratory tract infections, left–right asymmetry randomization, and male
infertility. We show that the disease, which segregates as a recessive
trait, results from the unusual combination of the following two
transallelic defects: a nonsense mutation and a common intronic
variant found in 1% of control chromosomes. This variant affects the
ratio of two physiological TXNDC3 transcripts: the full-length isoform
and a novel isoform, TXNDC3d7, carrying an in-frame deletion of exon
7. In vivo and in vitro expression data unveiled the physiological
importance of TXNDC3d7 (whose expression was reduced in the
patient) and the corresponding protein that was shown to bind
microtubules. PCD is known to result from defects of the axoneme, an
organelle common to respiratory cilia, embryonic nodal cilia, and
sperm flagella, containing dynein arms, with, to date, the implication
of genes encoding dynein proteins. Our findings, which identify a
another class of molecules involved in PCD, disclose the key role of
TXNDC3 in ciliary function; they also point to an unusual mechanism
underlying a Mendelian disorder, which is an SNP-induced modifica-
tion of the ratio of two physiological isoforms generated by alterna-
tive splicing.

cilia � situs inversus � splice

Primary ciliary dyskinesia (PCD) is a rare genetic condition
(MIM 242650) characterized by respiratory tract infections,

male infertility, and, in approximately half of the patients,
abnormal left–right asymmetry, thereby defining Kartagener’s
syndrome (MIM 244400) (1, 2). This complex disease phenotype,
which is transmitted in a Mendelian fashion, results from ab-
normal functioning of respiratory and embryonic nodal cilia, as
well as sperm flagella, three different cellular organelles that
share a common structure called axoneme (3, 4). The main
components of this highly organized structure include nine
peripheral microtubule doublets surrounding a central pair of
two microtubules (‘‘9�2’’ structure), which are tied up with
nexin links and radial spokes. Attached to the peripheral dou-
blets, the outer and inner dynein arms are multiprotein com-
plexes that are essential for normal ciliary movements. The
respiratory cilia of patients with PCD have been shown to carry
various axonemal abnormalities; although the main defects
involve the outer and/or the inner arms, such ultrastructural
variability, together with the fact that dynein arms are multi-
protein complexes encoded by numerous genes (5), disclose the

important genetic heterogeneity underlying PCD. This has
greatly hampered the identification of causal genes. To date,
despite substantial efforts made for several years by different
teams including ours (6–18) and the recent availability of huge
sequence information, only four genes have been involved in
PCD: after a candidate gene approach based on data from the
unicellular algae Chlamydomonas reinhardtii and the evolution-
ary conservation of genes encoding axonemal proteins, we have
isolated a human dynein sequence named DNAI1, in which
mutations were subsequently identified (19–21). Afterward,
thanks to a genetic linkage analysis performed in one large
consanguineous family, mutations have been identified in a
second gene encoding a dynein chain, DNAH5 (22, 23). Recently,
mutations in the X-linked RPGR gene have been found occa-
sionally in males with a complex phenotype associating PCD and
retinitis pigmentosa (24). Last, mutations in the DNAH11 gene,
which encodes a dynein heavy chain, have been identified in two
patients with respiratory tract infections and situs inversus (13).
The molecular basis of PCD is, therefore, just beginning to be
elucidated; and although DNAI1 and DNAH5 mutations under-
lie PCD in nearly half of patients with outer dynein arm defects,
the cause remains unknown in the other patients (25, 26). We
therefore searched for candidate genes that may account for the
disease in those patients.

Results and Discussion
TXNDC3 Is Expressed in Testis and Respiratory Epithelial Cells.
TXNDC3, a gene also known as SPTRX-2, NM23-H8, or NME8,
was first identified as a sequence encoding a protein containing
thioredoxin and nucleoside diphosphate kinase (NDK) domains
(27). It eventually turned out that TXNDC3 represents the
human ortholog of the sea urchin IC1 gene that encodes a
component of sperm outer dynein arms (27–29), an observation
that prompted us to test its involvement in PCD. So far, IC1
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orthologs have also been described in other species like Ciona
intestinalis, rats, mice, and humans (27, 29, 30). The correspond-
ing proteins were identified as the first members of a novel family
of proteins with an N-terminal region homologous to the se-
quence of thioredoxin, followed by two or three NDK domains
(28). NDKs are a family of proteins, also known as NME
proteins, which catalyze nonsubstrate-specific conversions of
nucleoside diphosphates to nucleoside triphosphates; these pro-
teins, present in all organisms from bacteria to mammals,
participate in many biological functions such as proliferation,
differentiation, or development (31). In humans, this protein
family comprises at least nine members that can be divided into
two sets according to their sequence: while group I is composed
of proteins that share high homology with each other and have
the classic enzymatic activity of an NDK (i.e., NME1 to NME4),
members of group II (i.e., NME5 to NME7, TXNDC3, and
TXNDC6) are less conserved, and enzymatic activity has been
demonstrated only for NME6. Of particular interest, members of
group II share high homology with the NDK domains of the sea
urchin IC1 chain, and, except for NME6, they are mainly
expressed in testis (31, 32). Within the NDK family, TXNDC3
and TXNDC6 are the only two proteins containing an NDK
domain and a thioredoxin domain. Thioredoxins are enzymes
that participate in redox reactions via the reversible oxidation of
a conserved active site (Cys-Gly-Pro-Cys) with two cystein
residues that switch from a dithiol to a disulfide form. In humans,
eight genes encoding thioredoxins and containing this site have
been identified (33). Among them, TXNDC3 was found to be
expressed specifically in testis (27), more precisely in the sperm
fibrous sheath in rats (30), whereas TXNDC6 was found to be
expressed at very low levels in a variety of adult tissues with
highest levels essentially in testis and lung, along the microtu-
bules of the spermatid manchette and the flagellar axoneme, as
well as those of the ciliary axoneme (32).

Here we considered TXNDC3 as a candidate gene for PCD
because of the participation of IC1 in sperm outer dynein arms.
We therefore first tested its expression in human trachea and
respiratory epithelial cells; this was done by means of RT-PCR,
because it was previously detected in testis only, and at very low
levels in that tissue (27, 30). We indeed detected TXNDC3
transcripts through amplification of overlapping fragments en-
compassing the coding region (data not shown and see below).

Identification of a Nonsense Mutation (p.Leu426X) and a Common
Intronic Variant (c.271–27C>T) in the TXNDC3 Gene of a Patient with
PCD. The finding that TXNDC3 is expressed in the respiratory tract
encouraged us to further test the hypothesis that patients with a
PCD phenotype characterized by structural or functional defects of
their outer dynein arms may carry TXNDC3 mutations. For each
patient of our PCD population, the ultrastructural anomaly of
respiratory cilia was precisely determined by means of transmission
electron microscopy, and the ciliary motility was assessed through
standard procedures (34). We assumed that TXNDC3 defects could
underlie the PCD phenotype of patients with abnormal outer
dynein arm structure (33 patients), or of those with typical clinical
symptoms of Kartagener’s syndrome and cilia that are structurally
normal but immotile (eight patients). Given the testis expression of
TXNDC3, we also included in our study six independent male
patients with a sterility resulting from an absence of outer dynein
arms in their flagellar axonemes. We therefore screened for mu-
tations the eighteen TXNDC3 exons (Fig. 1A) and their intronic
flanking regions in those 47 patients. In one girl (D50X1), we
identified a heterozygous T�A transversion in exon 15, causing a
nonsense mutation at codon 426 (c.1277T�A, p.Leu426X). This
gene defect, which is inherited from the mother [supporting infor-
mation (SI) Fig. 5], predicts a truncated protein devoid of the
putative active site of the first NDK domain and the entire second
NDK domain (Fig. 1). This 13-year-old patient, born to healthy
parents (family D50; SI Fig. 5), is affected by chronic respiratory
infections with bronchiectasis, chronic sinusitis, and serous otitis;
she also has a situs ambiguous with the heart and the liver located
centrally. The ciliary beat frequency appeared normal, and trans-
mission electron microscopy revealed that 66% of her respiratory
cilia have shortened or absent outer dynein arms (Fig. 2). Because
the patient’s mother has no respiratory symptom, we hypothesized
that the patient is a compound heterozygote, despite the fact that
she was born to related parents. We therefore screened her
TXNDC3 gene for a second mutation and identified a heterozygous
C�T transition in intron 6 (c.271–27C�T) inherited from her
father (Fig. 1A and SI Fig. 5), whereas, in keeping with a recessive
transmission of the disease phenotype, her two healthy brothers
were found to be only heterozygous carriers: one (D50S1) carries
the c.271–27C�T substitution inherited from his father, whereas
the other (D50S2) carries the nonsense mutation inherited from his
mother (SI Fig. 5). The c.271–27C�T sequence variation was

A

B

Fig. 1. The human TXNDC3 gene and related products. (A) TXNDC3 cDNA structure showing the location of the exons drawn to scale. The translation start and
stop codons are labeled with ATG and TAA, respectively. The translated region is hashed. Exon 7 is underlined in blue, and intron 6 is shown as a thin line below
exons 6 and 7. The red asterisks mark the locations of the c.271–27C�T and c.1277T�A nucleotide variations, located in intron 6 and exon 15, respectively. (B)
Structure of the TXNDC3 isoforms. The TXNDC3fl isoform (Upper), and the TXNDC3d7 isoform (Lower). The thioredoxin (TRX) domain and the two NDK domains
are shown in yellow and green, respectively. Within the TRX domain, the active site (GCPC) is shown by an orange box, and, within the NDK domains, the putative
NDP kinase active sites are shown by pink boxes. The location of the region encoded by exon 7 is underlined in blue. The location of the p.Leu426X mutation
is shown by a red asterisk.
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subsequently found in the heterozygous state in another PCD
patient (D65X1), whereas all of the other patients were found to be
homozygous for a cytosine at this position. The same c.271–27C�T
substitution was also identified in the heterozygous state in 2 of 98
control subjects, raising its allele frequency to 1% in a control
population. As for patient D65X1, the disease phenotype differed
from that of patient D50X1, in that it was characterized by chronic
respiratory infections with bronchiectasis, chronic sinusitis, and
serous otitis associated with a situs inversus totalis; transmission
electron microscopy examination of his respiratory cilia revealed no
ultrastructural defect, and �40% of the cilia were immotile, while
the remaining cilia displayed a normal beating. As patient D65X1
carried the c.271–27C�T change in the heterozygous state and no
other molecular defect was identified in his TXNDC3 genomic
sequence, we searched for a splicing defect that would have escaped
the genomic analysis, by amplifying overlapping fragments encom-
passing the entire coding sequence; this analysis revealed no

abnormal splice product (data not shown). Taken together, these
data therefore strongly suggest that the c.271–27C�T variant alone
does not contribute to the PCD phenotype of D65X1.

The c.271–27C>T Intronic Variant Alters the Ratio of Two Physiological
TXNDC3 Isoforms. The c.271–27C�T variant occurs within a
polypyrimidine tract in the vicinity of putative branch points of
intron 6, a region believed to be important for splicing. Indeed,
similar intronic substitutions located upstream of a splice-
acceptor site have already been shown to affect splicing (35–37).
To test whether the c.271–27C�T variant has an effect on
splicing, we first amplified TXNDC3 cDNA fragments spanning
exons 6–8 from RNA samples obtained from testis, trachea, and
nasal cells. Interestingly, these experiments enabled us to detect
two physiological TXNDC3 transcripts: a full-length isoform
designated TXNDC3fl, and a second isoform carrying an in-
frame deletion of the 117 bp of exon 7 and named TXNDC3d7
(Figs. 1B and 3A). This observation prompted us to examine
whether the c.271–27C�T variant modulates this alternative
splice event. To this end, we amplified the TXNDC3 cDNA
region encompassing exon 7 from lymphoblastoid cell lines
established in all members of family D50, as well as in D65X1 and
in control samples. Two groups were subsequently considered,
the first one referring to DNA samples with the control sequence
(i.e., c.271–27C/C), and the second to DNA samples bearing the
c.271–27C�T variant (i.e., c.271–27C/T) (Fig. 3A). In each case,
we determined the respective amounts of TXNDC3fl and
TXNDC3d7 transcripts (Fig. 3B). We were then able to deter-
mine the TXNDC3fl/(TXNDC3fl�TXNDC3d7) ratio (named the
R ratio) for each individual. As shown in SI Fig. 6A, the R ratios
of the second group differ dramatically from those of the first
group with P � 9.96 � 10�8, 2.09 � 10�8, 1.12 � 10�5, 8.52 �
10�7 and 5.18 � 10�3 for D50X1, D50F, D50S1, D65X1, and
control C15, respectively. Although these data were generated by

Control D50X1

Fig. 2. Electron micrograph of cross-sections of respiratory cilia. (Left)
Normal ciliary ultrastructure. (Right) Two cross-sections of respiratory cilia
from patient D50X1 showing a heterogeneous ultrastructure: whereas
some cilia appear normal (Left), others (66%) display outer dynein arm
defects (Right). The black arrow indicates a normal outer dynein arm, and
white arrowheads indicate shorter or missing outer dynein arms. (Scale
bars: 100 nm.)

A

B

Fig. 3. In vivo expression of TXNDC3fl and TXNDC3d7 isoforms. (A) Expression of the TXNDC3fl and TXNDC3d7 isoforms by means of conventional RT-PCR using
primers F1 and R1 located in exons 6 and 8, respectively. RT-PCR amplifications were performed on RNAs extracted from human testis, trachea, and nasal cells,
and from lymphoblastoid cell lines established for all members of family D50 (D50F, D50M, D50X1, D50S1, and D50S2), for patient D65X1 with a c.271–27C/T
genotype, and for 15 controls, C1 to C15, with C1 to C14 having a c.271–27C/C genotype and C15 having a c.271–27C/T genotype. One representative experiment
of three independent experiments is shown. L, 1-kb� ladder; Neg, reaction without RNA. (B) Relative expression of TXNDC3fl and TXNDC3d7 transcripts
generated by conventional PCR. The amounts of TXNDC3fl and TXNDC3d7 transcripts, calculated by the GeneTools program, are represented with black and gray
bars, respectively. The sum of the two isoforms was arbitrarily set to 1. (Left) The results for individuals who carry the c.271–27C/C genotype, i.e., the patient’s
mother (D50M) and brother (D50S2) and controls (C1 to C14). (Right) The results for the five individuals bearing the c.271–27C�T variant, i.e., patient D50X1,
her father (D50F), her brother (D50S1), patient D65X1, and control C15. Results are represented as means � SEM of three independent experiments.
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means of conventional PCR, it is important to underline that it
was obtained with the use of a single primer set bracketing the
spliced exon so that the two isoforms (i.e., TXNDC3fl and
TXNDC3d7) were co-amplified in the same tube. To confirm this
result, we performed a similar experiment using a real-time
quantitative PCR assay (SI Fig. 6B). As deduced from this
analysis, the TXNDC3fl/[TXNDC3d7�TXNDC3fl] ratio (R�) was
significantly higher in cells from subjects who carry the C�T
SNP in the heterozygous state than in cells from individuals
homozygous for the C allele (P � 3.90 � 10�3, 1.38 � 10�4,
5.84 � 10�5, 9.04 � 10�5, and 2.85 � 10�2 for D50X1, D50F,
D50S1, D65X1, and C15, respectively) (SI Fig. 6B).

To test whether the c.271–27C�T substitution is directly involved
in the regulation of TXNDC3 splicing, we compared the splicing
patterns of TXNDC3 transcripts obtained after transfection of
TXNDC3 minigenes containing the genomic sequence spanning
intron 5 to intron 8 and carrying a cytosine or a thymine at position
c.271–27 (Fig. 4). To this end, we generated the following eight
TXNDC3 minigenes: four independent clones were obtained after
subcloning of the PCR-amplified genomic DNA from patient
D50X1, who is heterozygous for the c.271–27C�T substitution (i.e.,
pTXNDC3�C1 and pTXNDC3�C2, containing a C at position c.271–
27, and pTXNDC3�T1 and pTXNDC3�T2, containing a T at the
same position); these clones were subsequently subjected to site-
directed mutagenesis so that the cytosine at position c.271–27 in
clones pTXNDC3�C1 and pTXNDC3�C2 was replaced by a thymine
(generating plasmids pTXNDC3�C1�T and pTXNDC3�C2�T) and,
conversely, the thymine at position c.271–27 in clones pTXNDC3�T1
and pTXNDC3�T2 was replaced by a cytosine (generating plasmids
pTXNDC3�T1�C and pTXNDC3�T2�C). As shown in Fig. 4, in all
cases, two molecular species were generated, one corresponding to
TXNDC3fl and the other to TXNDC3d7; however, the ratio of
TXNDC3d7 to TXNDC3fl was always higher in cells transfected
with minigenes carrying a cytosine in intron 6 than in cells trans-
fected with minigenes carrying a thymine at that position. These
results, therefore, not only confirm the data obtained on lympho-
blastoid cell lines, but also provide a clear-cut demonstration of the
direct involvement of this intronic SNP on the splicing of TXNDC3
transcripts.

A similar combination of an unambiguous mutation with a
functional polymorphism has been reported in severe poikilocytic
anemia (36) and erythropoietic protoporphyria (38). In extremely
rare cases, the identified polymorphism acts on splicing and mod-

ifies the ratio of two alternative transcripts; this is the case of two
intronic polymorphisms of the CFTR gene, which affect splicing of
exon 9 and contribute to atypical cystic fibrosis phenotypes (39)
through a mechanism that is therefore reminiscent of the situation
described here.

Presumed Functions of Human TXNDC3 Isoforms in Light of Their
Paralogs and Orthologs. The identification of the c.271–27C�T
variant raises the larger question of the mechanism by which such
low expression of the TXNDC3d7 isoform is detrimental to ciliary
function. First, one should note that the thioredoxin domain of this
isoform is most likely nonfunctional, because it lacks its last 15
residues (Fig. 1B). However, our current knowledge on TXNDC6,
the closest paralog of TXNDC3, may shed light on the function of
the truncated TXNDC3d7 isoform. As reported by Miranda-
Vizuete et al. (33), TXNDC3 and TXNDC6, which could have arisen
from a common ancestor, share an identical intron/exon organiza-
tion of their 5� extremity. Interestingly, we found that the sequence
of TXNDC3 exon 7 matches perfectly that of TXNDC6 exon 5, with
a residue conservation reaching 71% (SI Fig. 7B). Strikingly,
TXNDC6 has been shown to be expressed at low levels in testis and
lung, as two alternative transcripts: a full-length product and a
variant lacking exon 5, named 	5-TXNDC6 (32). The correspond-
ing proteins were detected in the close vicinity of ciliary and
flagellar axonemes. Most importantly, it was shown that the 	5-
TXNDC6 isoform was able to bind microtubules with high affinity,
which is not the case of the full-length isoform (32). It is, therefore,
tempting to speculate that the TXNDC3d7 isoform is also able to
bind the microtubules of the respiratory cilia. To test this hypoth-
esis, we assessed the ability of radiolabeled recombinant
TXNDC3fl and TXNDC3d7 proteins to bind pure polymerized
microtubules. In fact, the two TXNDC3 isoforms were found to be
able to bind the microtubules. Although in both cases only a small
fraction of TXNDC3 was indeed found to sediment with the
microtubules, this result was highly reproducible; and most impor-
tantly, we always observed a slightly higher binding of TXNDC3d7
to microtubules, as compared with TXNDC3fl (SI Fig. 8). If this
alternative splice event is indeed functionally important, we expect
the TXNDC3 protein sequence to be highly conserved throughout
evolution and especially the genomic organization around exon 7.
To test this hypothesis, we looked for TXNDC3 orthologs and
identified, in addition to the five known sequences, seven sequences
that are likely to represent TXNDC3 orthologs in several species.
Comparison of these 12 sequences, from C. intestinalis to the
chimpanzee, revealed a high conservation degree with the human
sequence, ranging from 34% to 97%, respectively (SI Fig. 7A).
Careful determination or examination of the genomic structure of
all but one TXNDC3 orthologs (i.e., the sea urchin gene whose
genomic sequence is not yet available) showed that the reading
frame of exon 7 is perfectly maintained throughout evolution,
suggesting that the alternative splicing mechanism may have been
conserved from C. intestinalis to humans. In addition, from C.
intestinalis to the chimpanzee, the residue similarity of exon 7 with
the human sequence is high, ranging from 54% to 100%, respec-
tively (SI Fig. 7C).

The role of TXNDC3 in ciliary function is also supported by the
following observations: thioredoxin-like proteins have been found
in close association with outer dynein arms in a large number of
species, from lower eukaryotes to mammals. For instance, the
unicellular algae Chlamydomonas has two thioredoxin-like chains,
LC3 and LC5, closely linked to the outer dynein arms (40) and
believed to represent the homologs of TXNDC3 (5). Just recently,
these two thioredoxins have been involved in the control of flagellar
motility through their interactions with flagellar components (41).
In addition, from Chlamydomonas to mammals, NDP kinases are
also found in ciliary structures where they are supposed to play
essential functions, particularly through their ability to produce
GTP (42–44). Taken together, these observations strongly support

B

A

Fig. 4. Impact of the c.271–27C�T variant on splicing of TXNDC3 transcripts.
(A) Schematic representation of the different TXNDC3 constructs used in this
experiment. Exons and introns are represented by open boxes and thin lines,
respectively. The location of the c.271–27C/T SNP is indicated by a black
arrowhead. The primers used in the RT-PCR experiments (F1 and R1) are
represented by horizontal arrows. (B) RT-PCR amplification of TXNDC3 tran-
scripts from HeLa cells transfected with minigenes carrying either a cytosine in
intron 6 (i.e., pTXNDC3�C1, pTXNDC3�C2, pTXNDC3�T1�C, and pTXNDC3�T2�C)
or a thymine at that position (i.e., pTXNDC3�T1, pTXNDC3�T2, pTXNDC3�C1�T,
and pTXNDC3�C2�T) (see Materials and Methods). L, 1-kb� ladder.
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the hypothesis that TXNDC3 is a bifunctional protein with biolog-
ical properties that have been highly conserved throughout evolu-
tion, with the TXNDC3d7 isoform that would play a critical role in
the outer dynein arms, at least thanks to its ability to bind
microtubules. In this regard, the existence of two TXNDC3 iso-
forms expressed at different levels in ciliated tissues like trachea,
and in testis that contains flagellar structures, raises the question of
the function of each isoform, in the light of the known differences
between the biology of cilia and flagella. The finding that testis
expresses virtually only the TXNDC3fl isoform, together with the
observation that the TXNDC3 protein is localized essentially to the
fibrous sheath of sperm tails (30), which is a periaxonemal structure,
suggests that another, unidentified, member of the thioredoxin
system may be necessary for the sperm flagellar axoneme. Indeed,
the fact that ciliary and flagellar axonemes share a similar mor-
phological structure does not imply that their protein content is
identical. This notion is supported by the report of male patients
with PCD and dynein arm defects in their respiratory cilia, in the
absence of any detectable axonemal abnormality in their sperma-
tozoa; and reverse situations have been observed in infertile male
patients (reviewed in ref. 45). Interestingly, as for TXNDC3, it has
previously been suggested that during evolution, the TXNDC3
ancestor shifted from an axonemal to a periaxonemal localization
and that the paralog TXNDC6 might substitute functionally for the
TXNDC3 ancestor in the sperm flagellar axoneme (30). Given the
ability of TXNDC3d7 to bind microtubules, it is now tempting to
speculate that the 	5-TXNDC6 isoform is involved in that function.

Thioredoxins in Human Pathology. So far, there is no disease that has
been shown to result from mutations in a member of the thiore-
doxin family. However, interestingly enough, the RP2 gene, which
encodes a protein with one NDK domain, has been shown to be
involved in X-linked retinitis pigmentosa (RP), an inherited affec-
tion of the retina due to photoreceptor degeneration (46) (MIM
312600). These cells contain a structure called connecting cilium,
which bridges the outer and inner segments of the retinal photo-
receptors; the structure of the connecting cilium is similar to that of
nonmotile primary cilia with 9 peripheral microtubule doublets and
no central doublets (‘‘9�0’’ structure). Previous studies suggested
that alteration of this structure may result from intraflagellar
transport dysfunction and lead to retinal degeneration (47–50).
Noteworthy, a link has been established between photoreceptor and
respiratory cilia with the identification of mutations in RPGR, which
encodes a GTPase regulator involved in X-linked RP, in families
presenting with a complex disease phenotype combining RP with
various defects of respiratory cilia and even PCD (24, 51, 52).

In addition, although no thioredoxin-like protein has been
shown to be directly involved in RP, TXNL6 (also known as
RdCVF), which is a truncated thioredoxin-like protein, seems to
play an essential role in cone viability; indeed, in the rd1 mouse,
a model for RP, TXNL6 has been shown to prevent cones from
degenerating (53). Overall, such structural homologies between
RP2/TXNL6 (two proteins expressed in retinal cells and con-
taining either an NDK domain or a thioredoxin-like domain) and
TXNDC3 (a protein expressed in other kinds of ciliated cells and
containing these two domains) further strengthen the hypothesis
that TXNDC3 plays an important role in ciliary function.

Conclusion. This study identified a patient born to healthy parents
and presenting with a PCD phenotype resulting from two transal-
lelic defects in TXNDC3, a gene that encodes protein isoforms
belonging to the large family of thioredoxins. A nonsense mutation
predicting a truncated protein devoid of the NDK domains was
indeed identified together with a common intronic sequence vari-
ation reducing the amount of one particular isoform. These data,
which are therefore consistent with a disease phenotype segregating
in a recessive manner, point to an unusual mechanism underlying
a Mendelian disorder, which is an SNP-induced modification of the

ratio of two physiological isoforms generated by alternative splicing.
In addition, the ultrastructural abnormalities displayed by our
patient are particular in that a partial lack and shortening of outer
dynein arms are found in 66% of her respiratory cilia. The persistent
beating of cilia may, therefore, reveal the activity of the remaining
normal cilia; and we can assume that a similar dysfunction occurs
in embryonic nodal cilia, thereby accounting for the situs ambiguous
documented in the patient. This assumption is further strengthened
by the very recent report of a family with patients presenting with
a Kartagener’s syndrome potentially linked to the 7p14.1 region
known to contain the TXNDC3 gene (54). Finally, our data, which
underline the key role played by thioredoxin-like and NDK proteins
in ciliary structure and function, identify TXNDC3 as a new gene
involved in PCD; they consequently disclose members of the
thioredoxin family, like TXNDC6, as other excellent candidates
for PCD.

Materials and Methods
Patients. Forty-one patients with PCD were investigated. Elec-
tron microscopic examination of ciliary sections from nasal or
bronchial biopsy showed abnormal outer dynein arms in 33
patients, whereas cilia were structurally normal but immotile in
8 patients with typical Kartagener’s syndrome. Six independent
male patients with sterility resulting from an absence of outer
dynein arms in their f lagella were also included in our study. A
permanent lymphoblastoid cell line was obtained by EBV trans-
formation of lymphocytes from all members of family D50 and
from patient D65X1.

The PCD genetic study was approved by the ethical committee
of our institution (Comité Consultatif de Protection des Personnes
dans la Recherche Biomédicale-Henri Mondor, Créteil, France),
and informed consent was given by patients and/or their parents.

Sequencing Reactions. For each individual, genomic DNA was
isolated from blood sample according to standard techniques.
To screen the 18 exons of the TXNDC3 gene, we used 17 sets of
primers (SI Table 1, including the sequence of all of the primers
used in the study) in PCRs with genomic DNA extracted from
blood samples according to standard techniques. PCR products
were used as sequencing templates. The sequencing primers
were the same as the amplification primers. Sequencing reac-
tions were performed by using the Big Dye Terminator kit
(Applied Biosystems, Foster City, CA), and an ABI-3100 DNA
sequencer (Applied Biosystems) was used to obtain sequences.

Conventional RT-PCR. A first series of RT-PCR experiments was
performed under standard conditions (OneStep RT-PCR; Qia-
gen, Valencia, CA), with 40 cycles of amplification on RNA from
human testis, trachea, and nasal cells, and from lymphoblastoid
cell lines established for all members of family D50, patient
D65X1, and 15 controls (C1 to C15). Sense (F1) and antisense
(R1) primers located in exon 6 and exon 8, respectively, enabled
the amplification of a cDNA fragment encompassing exon 7. The
products were separated on agarose gel, and a quantitative
evaluation of the products was done by using the GeneTools
program (Syngene, Cambridge, U.K.). The normality of the
distribution of the R ratios for D50M, D50S2, and C1 to C14 was
positively tested by the Shapiro–Wilk test.

Constructs. The genomic DNA from patient D50X1, who carries the
c.271–27C�T sequence variation in the heterozygous state, was
used as a template to amplify the sequence surrounding the
alternatively spliced exon 7 of TXNDC3 with primers located in
introns 5 and 8 (F4 and R4). The PCR products were cloned into
the pCDNA3.1/V5-His TOPO TA expression vector (Invitrogen,
Paisley, U.K.) according to standard procedures. Two independent
clones containing a TXNDC3 minigene with a cytosine residue at
position c.271–27, designated pTXNDC3�C1 and pTXNDC3�C2,
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were subsequently subjected to site-directed mutagenesis by the
QuikChange kit (Stratagene, Cedar Creek, TX), with oligonucle-
otides (F5 and R5) designed to introduce the C�T substitution;
the resulting plasmids were named pTXNDC3�C1�T and
pTXNDC3�C2�T. Similarly, two other independent clones ob-
tained after subcloning of the PCR-amplified genomic DNA from
patient D50X1 and containing a T at position c.271–27 (designated
pTXNDC3�T1 and pTXNDC3�T2) were used as templates to gen-
erate pTXNDC3�T1�C and pTXNDC3�T2�C (carrying a C at
position c.271–27) using primers F6 and R6.

Transfections. Transfections of HeLa cells obtained from Amer-
ican Type Culture Collection (Manassas, VA) were performed
by using the Lipofectamine-Plus method (Invitrogen) in Op-
tiMEM medium, according to the manufacturer’s standard
protocol. Approximately 24 h after transfection of each of the
eight TXNDC3 minigenes, total RNA was isolated. RT-PCR

was performed by using two primers (F1 and R1) located on
exons 6 and 8, respectively.

Web Resources. URLs for data presented herein are as follows:
Online Mendelian Inheritance in Man, www.ncbi.nlm.nih.
gov/Omim (for PCD and Kartagener syndrome); Ensembl,
www.ensembl.org; NCBI, www.ncbi.nlm.nih.gov; and Softberry,
www.softberry.com.
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